This paper forms part of series of biological treatment colour behaviour studies. Surveys across a range of mills have observed colour increases in aerated stabilisation basins of 20 -45%. Much of the colour formation has been demonstrated to occur in high molecular mass effluent organic constituents (HMM) present in bleach plant effluents. Removing material greater than 3,000 Da essentially eliminated the colour forming ability in both E and D stage wastewaters. We have also shown that pulp and paper sludges contain anaerobic bacteria capable of reducing humic like materials. Colour formation was correlated to the anoxic conditions and the availability of readily biodegradable organic constituents during the wastewater treatment process. Overall, these studies suggest that colour formation in pulp and paper biological treatment systems may be caused by anaerobic bacteria using HMM material from the bleaching effluents as an electron acceptor for growth. This leads to the reduction of the material, which in turn leads to non-reversible internal changes, such as intra-molecular polymerisation or formation of chromophoric functional groups.
Introduction
Pulp and paper effluent colour may significantly attenuate the sunlight that can penetrate receiving waters, resulting in a shift from autotrophy to heterotrophy and subsequent negative impacts on ecosystem health (Owens, 1991; Livingston et al., 1998) . It also decreases the aesthetic appeal of the receiving waters and their recreational potential. While a number of colour removal technologies, such as ultrafiltration, oxidative treatment, ion exchange, and white-rot fungi have been considered, few full-scale implementations have proven cost effective for the sustainable removal of colour.
Biological treatment systems remain the pulp and paper industry's key vehicle for effective wastewater management. However, such systems generally do not remove wastewater colour. On the contrary, significant colour increases may actually occur during biological treatment (Wong et al., 1978; Stuthridge and Nicol, 1997) . Some mill upgrade options, such as elemental chlorine free bleaching, create wastewaters more susceptible to biologically mediated colour formation (Stuthridge and Nicol, 1997) . Therefore, poor colour control in secondary treatment systems may significantly diminish the perceived benefits of in-mill modernisation programmes.
This paper forms part of a series of biological treatment colour behaviour studies. Surveys across a range of mills by Milestone et al. (2004) observed colour increases in aerated stabilisation basins of 20-45%. No significant change in observed colour occurred in well-managed activated sludge systems. Model reactor studies pointed to microbial anaerobic activity as the source of this colour formation (Milestone et al., 2004) . Further testing using batch reactors on individual process streams showed that exposing bleaching wastewaters to anaerobic, biologically active conditions was a major contributor to overall mill colour formation (Milestone et al., in preparation) .
Much of the colour formation has been demonstrated to occur in high molecular mass effluent organic constituents (HMM) present in bleach plant effluents. Given that this material is considered biologically unavailable, this observation raises mechanistic questions. In this paper, we re-address the existing paradigm that HMM does not actively participate in activities within biological treatment systems and consider its implications with respect to improved colour management in such pulp and paper systems.
Methods

Sample collection
Acid and alkaline bleaching stage effluents were collected from a New Zealand ECF bleaching mill processing both softwood and hardwood furnish. Samples were filtered (Whatman GF-C) and stored at 4 8C prior to use. A colour-forming bacterial inoculum was collected from sludge layers in an anoxic zone within the mill's aerated lagoon and washed and lyophilised for use in subsequent reactor studies. Mixed liquor suspended solids from the same lagoon were prepared in a similar manner for the aerobic inoculum.
Colour formation assays
For anaerobic treatment, 100 mL of wastewater, together with lyophilised inoculum (0.5 g/L) and nutrients, were incubated in sealed glass serum bottles. Nitrogen and phosphorus were added at a BOD:N:P ratio of 100:3:0.5. The F/M ratio was kept the same throughout the experiments. Samples were purged with N 2 (80%)/ CO 2 (20%). Reactors were incubated at 37 8C in the dark and periodically sampled using a long needle through a rubber septum. The aerobic treatment of wastewaters was set up in a similar manner to the anaerobic treatment, except the samples were aerated using humidified air in open conical flasks. Assays were run for a total of 10 days and sampled daily. Inoculum-only controls were also run to correct for any colour formation from the prepared sludge.
Size exclusion chromatography
Molecular weight distributions were measured on a Waters HPLC system using a Waters Ultrahydrogel Linear Size Exclusion Column and a diode array detector. The mobile phase was a pH 7.6 phosphate buffer (0.1 mol L 21 ) at a flow of 0.4 mL/min.
Ultrafiltration
Samples were adjusted to pH 7.6, filtered through Whatman GF-C filter paper, and then concentrated using an Amicon 400 mL Stirred Cell system and an Amicon YM3 filter (3,000 molecular weight cut-off). Concentrates were further washed with deionised water using four times the initial volume.
Colour
Colour samples were filtered with Whatman GF-C and 0.45 mm filters. Phosphate buffer (0.5 mol L 21 , pH 7.6) was added to the sample. Absorbance was calibrated against a chloroplatinate colour standard. Samples obtained from anaerobic reactors were allowed to fully aerate prior to measuring colour.
Results and discussion
Effects of HMM on whole mill effluent colour formation Quantification and fractionation of the HMM present in effluents from a bleached kraft pulp and paper mill was undertaken. Figure 1 shows colour and COD sol distributions of bleaching effluents from both softwood and hardwood processing. For D-stage softwood and hardwood wastewaters, the HMM material contributed approximately 30 -45% for both colour and organic material (as COD sol ). In E-stage wastewaters, 90% of the colour was associated with HMM material, while only 53 -67% of COD sol was in the same fraction. These distributions were similar to those previously reported (Sagfors and Starck, 1988; Dahlman et al., 1995) .
Removal of HMM from these bleaching effluents had a significant effect on colour formation under both anaerobic and aerobic conditions ( Figure 2 ). Removing material greater than 3,000 Da essentially eliminated the colour forming ability in both E and D stage wastewaters. These results also confirmed previous studies demonstrating that the greatest colour increases occurred under anaerobic conditions.
Interestingly, aerobic treatment of both softwood and hardwood D-stage effluents generated approximately 25% equivalent colour increases to those observed under anaerobic conditions. This suggests that D-stage HMM contains colour-forming precursors more susceptible to aerobic biological activity.
Normalisation to the COD sol content removed in each of the fractionated and unfractionated effluents reinforced the impact of HMM on colour formation (Figure 3 ). For example, while 60% of the colour and COD sol material in the D-stage wastewaters was less than ,3,000 Da, anaerobic treatment of this material did not produce a significant change in measured colour. This strongly suggests that the observed colour increases were not due to biological generation of coloured material from low molecular mass precursors.
Behaviour of HMM during anaerobic biodegradation
Bleach plant effluents contain a broad range of molecular mass materials, ranging from monomeric compounds to heterogenous polymers over 30,000 Da (Pellinen and Salkinoja-Salonen, 1985; Morck et al., 1995) . Previous studies have shown that bacteria in treatment systems will preferentially degrade lignin-like material of less than 1,000 Da in Figure 1 Colour and COD sol associated with HMM (. 3,000 Da) and LMM (, 3,000 Da) fractions size (Colberg and Young, 1985; Sierra-Alvarez et al., 1990) , with the optimal size for biodegradation being smaller than 300 Da (Sonnenberg et al., 1995) . As such, the majority of recalcitrant material left after biological treatment of BKME is HMM.
In general, HMM has been considered biologically unavailable due to its inability to cross bacterial membranes. In this study, colour analyses represented a surrogate measure for any potential changes in HMM functionality as a result of its association with biological processes.
Size Exclusion Chromatography was undertaken to determine the impacts of anaerobic treatment on colour distribution within the effluents (Figure 4) . These results demonstrated that the observed colour changes were due almost entirely to increases in the absorbance of existing chromophoric materials, rather than formation of new coloured fractions. This effect was particularly pronounced in the visible colour range. At the lower UV wavelengths, typically associated with the presence of aromatic compounds, the effect was less pronounced, particularly for the whole mill effluent. This suggests that the colour formation was not due to polymerisation of aromatic, monomeric precursors, such as catechols and quinones. Milestone et al. 194 No such effects were observed when exposures were undertaken under abiotic conditions. The substantial changes in the functional behaviour and composition of the high molecular mass material under biologically-active conditions strongly suggested that HMM was biologically available and/or playing a role in biotransformation processes occurring under anaerobic conditions.
Mechanisms for HMM transformation during anaerobic biodegradation
The existence of bacteria capable of using humic acids as electron acceptors has been demonstrated previously (Lovley et al., 1996) . These bacteria reduced the quinone groups found in humic acids (Scott et al., 1998) . The presence of these humic reducing bacteria has since been shown in a variety of environments such as lake, wetland and marine sediments (Coates et al., 1998) . Given that pulp and paper effluent HMM shares some structural and functional attributes with humic acids, its potential role in similar reactions within the pulp and paper treatment system was considered.
In this study, controlled experiments were undertaken in which other electron acceptor agents were added to HMM. These results demonstrated that oxygen did in fact inhibit the colour formation reaction ( Figure 5 ). The use of another electron accepting constituent, Figure 4 Size exclusion chromatographs of untreated and anaerobically treated bleached kraft mill effluents. Absorbances at 465 nm (left) and 280 nm (right) are presented nitrate, also stopped colour production. In-mill surveys of wastewater treatment systems have shown that colour formation did not occur in highly aerated treatment systems, such as activated sludge plants. This would be consistent with oxygen inhibition of HMM's role as an electron acceptor.
To determine if HMM reducing bacteria were present in the colour formation inoculum, incubation experiments were undertaken using anthraquinone disulphonate (AQDS) and acetate as the electron acceptor and donor respectively. AQDS has been used previously as a humic acid analogue to detect the presence of humic reducing bacteria (Lovley et al., 1996) . The presence of the inoculum led to a reduction of AQDS (detected by colour formation in the reduced form) as acetate was metabolised. The addition of nitrate, as an alternate acceptor, inhibited AQDS reduction. This demonstrated that bacteria capable of using humic acids or HMM equivalents were present in the treatment systems examined in these studies.
Colour formation in HMM appears to be an indirect effect of its participation in biodegradation reactions. Enhancing biological activity through addition of biodegradable material might therefore be expected to generate greater levels of chromophores.
Treatment of E-stage HMM material, without additional BOD, gave a 40% increase in colour ( Figure 6 ). The addition of BOD (2 mmol/L glucose and 2 mmol/L acetate) led to a colour increase of 80%, similar to the relative increase obtained with whole E-stage 196 effluents. There was no difference in colour increases between extracted and nonextracted HMM material, confirming that monomeric colour precursors played little role in colour formation.
Conclusions
Colour formation can be a detrimental outcome in secondary treatment systems. Colour formation requires anaerobic, biologically active conditions. As such, aerobic stabilisation basins are particularly susceptible to colour production. Based on previous work, preaeration of the effluent at the head of the treatment system may offer better control of colour behaviour. Certainly elimination of lagoon dead volume and improved mixing might be expected to benefit mills where colour control is an issue.
Bleached kraft pulp and paper mill effluents contain significant concentrations of lignin-derived, high molecular mass organic material (HMM) generated during pulping and bleaching. It has been shown that HMM is responsible for the majority of the observed colour formation occurring during biological treatment of these wastewaters. We have also shown that pulp and paper sludges contain a bacterial population capable of reducing humic like materials.
Overall, these studies suggest that colour formation in pulp and paper biological treatment systems may be caused by a mechanism in which anaerobic bacteria use HMM material from the bleaching effluents as an electron acceptor for growth. This introduction of electrons leads to the reduction of the material, which in turn leads to non-reversible internal changes, such as intra-molecular polymerisation or formation of chromophoric functional groups. These anticipated functional and structural changes are currently being determined using NMR, molecular weight distribution, and spectrophotometric techniques.
Further studies will clarify the possible role of humic reducing bacteria in colour formation, establish the functional changes arising in HMM during colour formation, and establish full-scale trials to minimise the colour formation process in target pulp and paper mill treatment systems.
